Supplementary materials
A. iSCAT optical microscope setup and alignment L1 focuses the laser beam (~2 mm beam diameter) at the back focal plane of the microscope objective (UPLSAPO 100X, NA 1.4 Olympus), and thus creates a wide-field illumination of an area of ~10 μm in diameter on the sample. L2 and L3 project the iSCAT image and the fluorescence image of the same area of the sample onto the high-speed CMOS camera (Phantom v711) and the EMCCD camera (Andor iXon Ultra 897) respectively. These two cameras are aligned by imaging the same 100 nm fluorescent beads via scattering and fluorescence simultaneously on the sample. For iSCAT imaging, the microscope objective and lenses are carefully aligned (normal beam incidence) such that optical aberration and astigmatism are minimized. The orientation of the beamsplitter is however intentionally tilted away from the perfectly normal incidence, such that the undesirable reflection from the surface of the beamsplitter is spatially separated from the iSCAT signal. On the high-speed CMOS camera, the dominant signal is the reflection at the interface between the supporting substrate and the water. It should be noticed that although the GNP is much larger than the lipid molecule, the GNP is surrounded by water and its diffusion rate in water is ~ 20 μm 2 /s that is much greater than the diffusion rate of lipids in the membrane (~ 1 μm 2 /s). This is because water is about 100 times less viscous than the membrane. Therefore, hydrodynamic loading of a 20 nm GNP to a lipid molecule does not slow down the overall diffusion. Furthermore, the loading effect should be independent of the material composition of the particle because the diffusion rate of the particle is determined by its size not by its density. While 20 nm GNP shows no labeling effects, it has been reported that using large particles (>40 nm) as labels can affect the diffusion of lipid molecules 4 . Besides, close attention needs to be paid to the monovalent labeling of the particle to the lipid molecule for investigation of single-lipid diffusion 5 . In our experiments, we promoted the monovalent labeling by saturating the available binding sites on the particle with excess amount of biotin molecules in solution prior lipid labeling (see Methods).
In our precise measurement with nanometer precision, it becomes important to consider if the position of the GNP provided by iSCAT SPT represents the position of the labeled lipid molecule. The GNP labeled to the lipid is expected to have a small degree of freedom to rock on the membrane due to the flexibility of the cross linker (streptavidin and biotin). Even when capturing the iSCAT image of the GNP at high speed, the GNP still rock restlessly in water within each exposure (of microseconds), and therefore the iSCAT image is actually a blurred image of the rocking GNP centered at the labeled lipid molecule. Indeed, the lipid molecule also constantly moves due to diffusion in each exposure but at a much slower rate. As a result, because of the large mismatch between the diffusion rates of the GNP in water and the lipid in the membrane, the position of the GNP determined from the iSCAT image is still able to faithfully represent the position of the labeled lipid molecule. This argument is supported by the Gaussian step size distribution (Fig. 1d) and the observed Brownian motion of the GNP labeled to the lipid diffusing in homogeneous membrane (Fig.   1e ).
In addition to the mass loading of the GNP, one should also consider the possible influence of the crosslinker, in our case, streptavidin. Due to the geometry of streptavidin, one streptavidin could potentially bind to two probe lipids in the plane of the membrane. As described in Methods, we tried to avoid such bivalent binding by saturating the available binding sites with an excess amount of free biotin molecules in the solution. Stochastically, there should be one or no available binding site per particle for most GNPs. We found that the diffusion rate of GNP-streptavidin conjugates labeled on the membrane supported on coverglass is indeed increased after this saturation step, indicating that the saturation treatment is effective.
However, we did not see much effect on the membrane supported on mica: both saturated and unsaturated GNPs diffuse fast on the membrane supported on mica. We believe this is because the mica substrate is defect-free and atomically flat, and therefore the Saffman-Delbrück model holds 6 . That is, even if the GNP labels two lipids, the diffusion rate should be almost identical (because the difference in membrane inclusion of one and two lipids is very small). We also want to point out that diffusion and domain partition of single lipids are very sensitive to conjugation and labeling 7 . In the present work, we have verified that streptavidin labeling to biotin-cap-lipids does not cause anomalous diffusion and thus suitable for investigating nanoscopic membrane organization. Whether streptavidin labeling modifies the absolute lipid diffusion rate or domain partition remains to be investigated. and L o phase domains where micron-sized domains can readily form for fluorescence observation. However, both the DOPC and sphingolipids are prone to photooxidation at lipid double bonds, and it has been reported that large raft formation can be promoted when photooxidation proceeds 6 . It is not clear how the lipid peroxides influence the molecular organization in the L d and L o domains. Therefore, in this work we mainly used membranes of DiPhyPC/DPPC/cholesterol for the investigation of diffusion. Nevertheless, we also tried high-speed iSCAT SPT in the DOPC/brain sphingomyelin/cholesterol in the deoxygenated solutions (10 mM HEPES, 200 mM NaCl 2 , 2 mM CaCl 2 , and 100 mM ascorbic acid). We again observed anomalous subdiffusion in the raft L o domain and Brownian diffusion in the non-raft L d domain (Fig. S6) . 
